Assessing personal exposure to ozone has only been feasible recently with the introduction of passive ozone samplers. These devices are easy to use, but Ž . changes in air velocity across their collection surfaces can affect performance. The Harvard active ozone sampler AS was developed in response to problems with the passive methods. This active sampler has been tested extensively as a microenvironmental sampler. To test for personal sampling, 40 children attending summer day-camp in Riverside, California wore the active ozone sampler for approximately 2.6 h on July 19 and 21, 1994, when ozone concentrations were about 100 ppb and 140 ppb, respectively. The children spent 94-100% of the sampling period outside, staying within a well-defined area while participating in normal camp activities. Ambient ozone concentrations across this area were monitored by two UV photometric ozone monitors. The active sampler was worn in a small backpack that was also equipped with a passive ozone sampler. Device precision, reported as the percent difference between duplicate pairs of samplers, was "3.7% and "4.2% for the active and passive samplers, respectively. The active sampler measured, on average, 94.5 " 8.2% of the ambient ozone while the passive samplers measured, on average, 124.5 " 18.8%. The samplers were worn successfully for the entire sampling period by all participating children.
Introduction
High concentrations of ambient ozone, which result from photochemical processes involving nitrogen oxides and volatile organic compounds, are found in many regions of the United States, as well as in many areas around the world. The impact of high ambient ozone concentrations on respiratory health, especially of children, has been a source of concern to the public health community for several years. Clinical chamber studies, as well as epidemiological investigations of children and adults exercising outdoors when ozone concentrations were high, have shown decrements in lung function directly related to Ž . ozone exposure Lippmann, 1993 . However, the ability to accurately assess the impact of ambient ozone exposure 1. Abbreviations: AS, Harvard active ozone sampler; CR, collection rate; HSPH, Harvard School of Public Health; K, conversion constant, mgrppb m 3 ; LOD, limit of detection; MW, molecular weight, mgrmmol; N, nitrate concentrations, mgrml; PS, Harvard passive ozone sampler; PST, pacific standard time; R, conversion factor, cm 3 rm 3 ; T, exposure time, min; V, extraction volume, ml. 2. Address all correspondence to: Alison S. Geyh, Health Effects Insti-Ž . Ž . tute, Cambridge, MA 02139. Tel.: 617 876-6700. Fax: 617 876-6709. Received 9 February 1998; accepted 18 September 1998. has been limited by the inability to quantify personal exposure to ozone.
Recent work in the area of personal and microenvironmental monitoring methods development has focused pri-Ž marily on passive ozone sampling approaches Grosjean and Hisham, 1992; Kanno and Yanagisawa, 1992;  . Koutrakis et al., 1993; Hackney et al., 1994 . These devices depend on diffusion as the mechanism of sample collection. Generally small and light-weight, passive samplers are easy to use and so are attractive candidates for studies designed to determine personal exposure. However, a potential drawback to this type of sampling is that the rate of sample collection depends on the rate at which air moves across the sampler collection surface. As a result, Ž . the sample collection rate CR may vary with varying air flow. Passive samplers worn for personal sampling might be especially sensitive to this problem since the location of the person wearing the sampler and the rate at which the person is moving could affect the CR of the sampler. Liu Ž . et al. 1995 found that the CR for the Harvard passive Ž . Ž . ozone sampler PS Koutrakis et al., 1993 varied for Ž 3 . Ž 3 . indoor 17.8 cm rmin and outdoor 25.5 cm rmin sampling ''because of variations in wind speeds in these different environments''. In chamber studies examining the performance of the personal passive ozone sampler when Ž . worn by sedentary subjects, Liu et al. 1994 found CRs between 10.2 and 17.7 cm 3 rmin. The development of the Harvard active ozone sampler Ž . Ž . AS , described in detail elsewhere Geyh et al., 1997 , was driven by the need for a sampler that avoids the problems inherent to passive sampling methods and that can act as either a personal or microenvironmental sampler. The goal was to produce a sampler that was small, light-weight and easy to use, and that would measure ozone concentrations with good accuracy and precision. Extensive testing of the AS under both laboratory and ambient conditions has previously shown this sampler to be a viable alternative for microenvironmental ozone sam-Ž . pling Geyh et al., 1997 . The work described below is the first evaluation of the AS as a personal ozone sampler in a real-world environment.
When evaluating a personal sampler, tests in a variety of microenvironments are needed to establish sampler performance under realistic conditions. The AS was tested in a single outdoor microenvironment using a mixture of active and sedentary subjects who stayed in that single microenvironment during the entire sampling period. The exposure time was designed to be short so that expected ozone concentrations would be approximately constant during sampling. It was hypothesized for this initial test, since ozone concentrations would be essentially constant throughout the microenvironment for the entire monitoring period, personal ozone measurements would be in close agreement with each other and the ambient ozone concentration.
The AS was evaluated as a personal sampler on 2 days in July 1994 in Riverside, California, in the eastern portion of the Los Angeles basin characterized by multiple annual exceedances of the Federal 1-h ozone standard. For purposes of comparison, the performance of the AS as a personal monitor was compared to that of the PS, a method currently in use for measuring personal ozone exposure. Ambient ozone concentration data collected by UV photometric continuous ozone monitors operating in the same environment were the standard against which personal ozone measurement methods were to be compared. Approximately 40 children attending day-camp wore active and passive samplers while they participated in a variety of outdoor camp activities. 
Method

Ž
. Ž 4 oz. pump PAS-500 Personal Air Sampler, Spectrex, . Redwood City, CA using 1r8 in. silicone rubber tubing. The pump operates on a 9-V alkaline battery. The ends of the sampling tube are sealed with polyethylene caps. The inlet to the sampling tube is made of 5r32 in. I.D. PFA Teflon tubing. A small particle filter is placed between the sampling tube and the pump to keep the pump clean. The sampling tube is encased in a polyvinylchloride plastic tube to both protect against breakage and guard against possible photochemical reactions.
The etched glass tube is coated with a solution containing potassium nitrite, sodium carbonate and glycerol, similar to the solution used for the PS developed by Koutrakis.
Ž y . Nitrite NO is used to capture ozone, which reacts to 2 Ž y . form nitrate NO quantitatively, according to the follow-3 ing reaction:
The amount of nitrate generated is determined by ion chromatography. This, along with the rate of air flow through the sampler, is used to determine the average ozone concentration for the sampling period. The capacity of the AS, calculated at 20% consumption of available nitrite, is approximately 7000 ppb h. The limit of detection Ž . Ž . LOD for this method is 10 ppb h Geyh et al., 1997 . Air flow through the system was adjusted to 65 " 5 cm 3 rmin. Flow measurements were made prior to and upon completion of sampling using a laboratory soap bubble meter.
For this study, the AS was placed in a small backpack which was easy for the children to wear. The pack was worn high on the back, placing the sampler inlet within the Ž . breathing zone Plog, 1988 . In the backpack, the sampler was sandwiched between two pieces of 1-inch thick foam which cushioned the sampler and protected the child in case of falling while the pack was being worn.
( ) Ž HarÕard PassiÕe Ozone Sampler PS The PS Ogawa and . Co. USA, Inc. is composed of a Teflon barrel containing Ž two glass fiber filters, one at each end of the barrel Figure  . 2 . The filters, which are coated with a previously de-Ž . scribed nitrite-containing solution Koutrakis et al., 1993 , are held in place by perforated endcaps that act as diffusion barriers. To deploy the sampler, the barrel is attached to a plastic badge equipped with a metal clip. The clip is used to secure the sampler to the sampling location. Ozone concentrations measured by the PS are calculated as described above using a previously determined outdoor CR 
UV Photometric Ozone Monitors
The two UV photometric Ž continuous ozone monitors Dasibi, Model 1003RS, Glen-. dale, CA used for this study were calibrated using a five-point calibration procedure with comparison to a transfer standard instrument calibrated at the South Coast Air Quality Management District, Diamond Bar, CA. Calibrations were performed before and after each study day. Instrument output was recorded using a data acquisition system that collected data each second and logged 5-min averages. Strip charts also displayed the continuous output of the monitors. Temperature and pressure data were also collected at the sampling locations.
Ž . Figure 2 . Configuration of the Harvard passive ozone sampler PS . DC is the diffusion endcap; S are screens which support the coated glass fiber filter; GFF is the coated glass fiber filter; TR and TD are Teflon supports for the screens and filter; B is a front view of the assembled badge; B X is a side view of the assembled badge.
Preparation and Analysis
All AS and PS were prepared according to the procedure Ž previously described Koutrakis et al., 1993; Geyh et al., . 1997 . Samplers were prepared as one batch within 1 week of their deployment in the field. All preparatory work was Ž . conducted at the Harvard School of Public Health HSPH . All AS sampling tubes were shipped and stored refrigerated. PS were shipped and stored at ambient temperature Ž according to the written protocol for this method Harvard . School of Public Health, 1994 . Samplers were returned to HSPH in bulk for analysis, where they were analyzed for nitrate by ion chromatography. Samplers were divided into four approximately equal batches with batches 1 and 2 composed of samplers exposed on July 19 and batches 3 and 4 composed of samplers exposed on July 21. AS and PS blank samples for each day were divided equally between batches. Analysis of all samplers was carried out on four consecutive days, July 25-28, 1994.
Study Design
The initial field evaluation of the AS was performed on July 19 and 21, 1994 at the Bobby Bonds Park in Riverside, California. The park included a large playing field where soccer and other games could be played. The field was bounded by park buildings, trees, residential homes and a parking lot. Each weekday, children from the community came to the park to participate in a lunchrrecreation program, which lasted from approximately 1130 until 1600 PDT. During this time, the children ran races, played kickball, soccer, and baseball, joined in reading groups and art projects, or took short 'nature' hikes. For the most part, the children performed activities that kept them outdoors within the confines of the playing field. Quiet activities, such as reading or working on art projects, took place under a tree located near the northwest corner of the field. Occasional visits to the restroom was the only time spent indoors during the sampling period.
Ambient ozone levels were monitored by the two UV photometric ozone monitors, which were placed on opposite sides of the playing field, approximately 100 m apart.
On each of the two study days, 40 children ranging in age from 6 to 12 years participated. Participation was based on obtaining written informed consent from the child's legal guardian. Each child was assigned one backpack containing one AS, with one PS attached to the outside of the pack. Ten percent of the packs contained two AS, and 10% contained two PS. An additional 20% of AS and PS were reserved as field blanks.
Field Procedure
Each study day, a similar field protocol was followed. All preparatory work was conducted under the cover of a staging tent. One hour before sampling commenced, all Ž . Ž . Journal of Exposure Analysis and Enzironmental Epidemiology 1999 9 2sampling tubes required for that day were removed from cold storage and allowed to warm to ambient temperature. Before attaching sampling tubes, pumps were activated and allowed to stabilize. After running for 1 h, pump flow rates were measured and adjusted if needed.
Before samplers were deployed, an AS sampling tube was connected to a pump, starting the active sample. The assembled AS was immediately placed in a backpack and a PS was clipped to the outside of the pack. The pack was then placed on a subject's back. Complete distribution of all sampler backpacks to all study subjects required approximately 20 min each day.
After receiving a backpack, children were released to participate in program activities. Children were not directed to care for the sampler in any specific manner, and were only directed to wear the backpack for the entire sampling period. Ten adult observers watched the children and recorded their activities and general locations during the sampling period. Within the cohort, activity levels ranged from very active to sedate. Some children spent the entire sampling period reading or working on art projects. Other children participated in moderately active games that involved standing and some running. Finally, some children engaged in vigorous games, such as soccer or kickball, for most of the sampling period. On each day, sampling lasted about 2 h and 40 min.
At the end of the sampling period, backpacks were retrieved from the children. AS and PS were removed from packs and sample collection was stopped. Flow rates for all personal pumps were measured immediately after disconnecting AS sampling tubes.
Results
Calculated Ozone Concentration
Ž . Average ozone concentrations, C ppb measured by O 3 both the AS and PS, were determined from the following equation:
Ž where N is the corrected nitrate concentration, sample-. Ž. blank, mgrml ; V is the extraction volume ml ; R is the 6 Ž 3 3 . conversion factor 10 cm rm ; CR is the collection rate Ž 3 . cm rmin equal to the average measured pump flow rate, corrected to standard temperature and pressure for each AS sample and to 25.5 cm 3 rmin for all PS samples; K is the Ž 3 . conversion constant 0.0409 mgr ppb m determined at 298 K and 1 atm; MW is the molecular weight of the NO 3 Ž . nitrate ion 62 mgrmmol ; and T is the exposure time Ž . min .
( ) Limit of Detection LOD and Method Precision
Samplers returned from the field were analyzed in four batches. Field blank values were not pooled. Batchwise sample correction was conducted using batch-specific averaged field blanks values, with a typical correction value of 3.5 ppb for the AS and 26 ppb for the PS. LODs were Ž . calculated using Eq. 3 :
where the subscript NO is the standard deviation of 3 Ž . average nitrate concentration from test blanks mgrml ; and CR is the nominal flow rate of 65 cm 3 rmin for AS samples or 25.5 cm 3 rmin for PS samples. The average LOD for the AS was 10 ppb h, which agreed with labora-Ž . tory results Geyh et al., 1997 . The average LOD calculated for the PS was 77 ppb h. This was significantly lower Ž . than the reported 200 ppb h Koutrakis et al., 1993 and most likely had to do with more careful handling of the sampler media during preparation, improvements in sodium nitrite purification, and filter cleaning and coating procedures.
Precision of both AS and PS methods was determined by calculating the mean and standard deviation of the percentage difference in measured concentration from col-Ž . located pairs of samplers Fritts and Hanson, 1985 . For n duplicate sample pairs, x and y , the percentage 
Ambient Ozone Concentrations
On July 19, ozone concentrations across the playing field ranged from 80 to 110 ppb during the sampling period and Ž . averaged 100 ppb Figure 3 . Personal sampling began at 1324 and ended at 1604. Ambient temperature varied from 73 to 918F. Five-minute average measurements were collected for the two UV photometric ozone monitors. The average percent difference between the two sets of measurements was y0.9% demonstrating no concentration gradient across the playing field. On July 21, personal sampling began at 1309 and ended at 1549. Ambient temperature varied from 84 to 888F. Ozone concentrations ranged from 110 to 160 ppb; the average for that period Ž . was 140 ppb Figure 4 . Five-minute average measurements were collected for the two continuous monitors. The average difference between the two sets of measurements was 2.2% and shows that once again, that there was no concentration gradient across the playing field.
Personal Measurements
On each day, 94-100% of participant time was spent outdoors within the confines of the continuously monitored area. As shown above, ozone concentrations across the playing field were consistent during the sampling period and so children occupying the playing field were exposed to a homogenous, chamber-like environment. Across the sampling period, the children were able to pursue all activities, including soccer and baseball, without interference from the backpack. There were no complaints about the sampling system being heavy or cumbersome.
The mean, standard deviation, minimum and maximum values for personal AS and PS and continuous measurements from each day are given in Table 2 75th percentiles. Measurement means are represented by the dotted line, medians by the solid line, and 95th and 5th percentiles by the solid points. The mean personal AS measurement for July 19 was 91 " 7 ppb or 91 " 7.7% of ambient ozone reported by the UV photometric ozone monitors. For July 21, it was 137 " 12 ppb or 98 " 8.6% of reported ambient ozone. On average, the AS measurement showed a bias of y5.5%. A similar small negative Ž . bias y6% was found for 1-h AS ambient measurements Ž . Geyh et al., 1997 and may indicate an initial period of surface conditioning of the collection substrate.
The mean personal PS measurement for July 19 was 113 " 27 ppb or 113 " 24% of ambient ozone as reported by the UV photometric ozone monitors. For July 21, the mean was 190 " 26 ppb or 137 " 14% of reported ambient ozone. The variability in these field measurements is significantly higher than the method precision of 7%. This increase in variability reflects those factors that affect the sampler when worn by a subject, such as the location of the subject, the amount of jostling the sampler experiences, and variations in air velocity across the collection surface. The large bias on both days suggests that the CR, 25.5 cm 3 rmin, used to determine ozone concentration from these passive sampler measurements, was too low. Using the ozone continuous monitor data as the standard, recalculation of the July 19 data gave 28.8 cm 3 rmin as an effective CR for that day. Carrying out the same calcula- tion for July 21 gave 34.9 cm 3 rmin as an effective CR for Ž . that day. Liu et al. 1993 found lower than expected CRs for the passive sampler when worn by sedentary subjects indoors. The higher than expected CRs may be a result of the sampler being worn by active subjects outdoors.
Discussion
For an ozone exposure device to perform acceptably as a personal sampler, it must correctly average ozone concentrations over a range of times in a variety of microenvironments. The circumstances of exposure may include a wide range of environmental conditions, and involve subjects whose activities vary from sedentary to highly active. In addition, subjects must willingly comply with personal device deployment protocol. This study is the first effort at evaluating of the AS for personal sampling.
The performance of both active and passive samplers when deployed as personal samplers under the same sampling conditions was compared to ozone concentrations measured by continuous monitors. Device precision, reported as the percent difference between duplicate pairs of samplers, was "3.7% and "4.2% for the active and passive ozone sampler, respectively. The active ozone sampler measured, on average, 94.5 " 8.2% of ambient ozone as reported by the UV photometric ozone monitors, while the passive ozone sampler measured, on average, 124.5 " 18.8%.
Results from this initial study indicate that the active ozone sampler can work well as a personal ozone sampler. The active ozone sampler was shown to be capable of making acceptably accurate and precise measurements of ozone concentrations when deployed for short-term personal sampling. In addition, when placed in a backpacktype carrier, the active ozone sampler can be worn by grade-school-age children without interfering in their normal activities. Future testing of the active ozone sampler as a personal sampler will involve longer sampling periods on subjects moving between microenvironments.
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